Abstract: Liquid chromatography of polymers is traditionally a slow technique with analysis times of typically 30 min per sample. To adapt liquid chromatographic techniques to combinatorial materials research the sample throughput must be significantly increased. Preferably, the analysis time per sample is to be reduced to a few minutes. Short analysis times can be achieved using high resolution stationary phases, high flow rates, and fast gradients. The present work demonstrates that gradient HPLC of polymethacrylates can be accomplished in less than 2 min. The fast separation of poly(methyl methacrylate), poly(i-propyl methacrylate), poly(n-butyl methacrylate), poly(tbutyl methacrylate), and poly(n-decyl methacrylate) is conducted on a short monolithic stationary phase using a flow rate of up to 7 mL/min. The optimization of the gradient is conducted by running a number of linear gradients and by simulating an optimum step gradient. Further modification of the simulated gradient results in the desired short analysis times.
Introduction
High-throughput experimentation is one of the new and fascinating approaches in materials research. Combinatorial methods are highly efficient tools to create large libraries of materials, for example, continuous composition variations. Combinatorial methods are quite advanced in the pharmaceutical industries, and captured the attention of the materials industry with the promise of providing new discoveries "faster, better, and cheaper" of the last years. [1] [2] [3] Not only the preparation of large numbers of samples is a challenging task but also the fast and reliable analysis of the prepared sample sets. In addition to spectroscopic methods for the analysis of average chemical compositions, liquid chromatographic (LC) separation techniques must be used to analyse the molar mass, chemical composition, and functionality type distributions. [4] Different from the classical approach where a liquid chromatographic separation normally takes more than 30 min, high-throughput LC techniques must give the same result within a few minutes.
It has been shown recently that SEC experiments can be conducted in less than 3 min [5] [6] [7] . A similar high throughput is required for the analysis of polymers with regard to chemical composition by HPLC [8, 9] .
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The separation of polymers with regard to chemical composition is typically done by means of interaction chromatography. Random copolymers are preferably separated by Gradient HPLC as has been shown by Teramachi, Mori, Glöckner, Engelhardt, and others; see numerous applications in the book of Glöckner. [10] . Using similar approaches, also blends of homopolymers can be separated as has been shown by Mourey [11] . He separated different alkyl methacrylates by normal phase chromatography on silica gel with a toluene-MEK gradient. A chloroform-ethanol gradient on silica gel was proposed by Mori et al [12] .
Other chromatographic options to separate polymer blends include chromatography under critical conditions (LC-CC) and temperature gradient interaction chromatography (TGIC). At critical conditions, components of the same chemical composition will elute independent of molar mass at one elution volume. This component is then regarded "chromatographically invisible". Therefore, by operating under the critical conditions of one blend component, it is possible to separate the blend regardless of the chemical structure and the molar mass of the second component. This component will elute either in the SEC or in the adsorption mode. For binary blends of polymethacrylates it was shown that, depending on the polarity of the components, polar or non-polar phases can be used [13, 14] . Among other applications, LC-CC can also be used efficiently for the separation of homopolymers with regard to their functional groups as has been shown by Schoenmakers et al [15] .
As proposed by Chang et al. [16] , polystyrene and PMMA of different molar masses can be separated with regard to chemical composition and molar mass by TGIC. In this case the specific adsorptive interactions with the stationary phase are tuned by temperature gradients.
The present article discusses experimental approaches to speed up gradient elution separations of a polymer blend comprising five different polymethacrylates. Polymethacrylate homopolymers, copolymers and blends find widespread use in various fields such as cosmetics, contact lenses, binders for paints and adhesives. The polymethacrylates under study were: poly(methyl methacrylate) (PMMA), poly(tbutyl methacrylate) (PtBMA), poly(n-butyl methacrylate) (PnBMA), poly(isopropyl methacrylate) (PiPMA) and poly(n-decyl methacrylate) (PDMA). They were selected as a model blend to demonstrate the power of gradient elution chromatography and to be used as a model for industrial samples. This paper demonstrates that it is possible to achieve baseline separation in an analysis time of less than 2 minutes.
Results and discussion
It has been shown that it is possible to separate polymethacrylates on a polar stationary phase of silica gel with a mobile phase of methyl ethyl ketone (MEK) and cyclohexane (cHex) by LC-CC [13, 14] . As a first step, the critical conditions for the different polymethacrylates (PDMA, PnBMA, PtBMA, and PMMA) were determined. To find the critical conditions for a specific polymer, numerous isocratic experiments with samples of different molar masses must be performed. Aiming at decreasing the number of experiments needed to identify the exact critical compositions, one can use a method to predict critical conditions by using a few linear gradient experiments as described by Bashir et al [17] . They suggested that the eluent composition at elution for a high molar mass sample is close to the critical composition for that specific polymer. This is due to the fact that the composition at elution in a gradient run cannot exceed the critical eluent composition. Moreover, the composition at elution depends on the gradient steepness. Accordingly, the eluent composition for the high molar mass sample will approach the critical composition for this specific polymer.
In the present study different linear time gradients (10, 20, 30 , 45 and 60 min) from 100 % cHex to 100 % MEK for the highest available molar mass sample were screened. From the elution volume (V g ) taken at the peak maximum, it was possible to predict the eluent composition at the peak maximum (% strong solvent in the eluent), %B g , for each polymer by using equation (1) .
where V v is the column void volume, V d the system dwell volume, Δ%B g is the total change in composition during the gradient, t G is the gradient time, F is the flow rate and %B 0 is the initial composition. A very good correlation between the predicted and experimentally found values was obtained as can be seen from Tab. 1. These values will be used later to calculate step-gradients for blend separation. The critical conditions for PiPMA were not determined because only one sample was available.
Three steps are required to develop optimum gradient separations of the polymethacrylates and the corresponding blend. In the first step, different linear gradients (5, 10, 60 min) are investigated. The next step is to simulate a step gradient from the linear gradient measurements and the third is to optimize the simulated gradient. Fig. 2 One can clearly see that a better separation is achieved by decreasing the steepness of the linear gradient. The peaks for the five polymethacrylates are not well separated when a steep gradient of 5 min is used but the separation becomes better when a 20 min gradient is used. A baseline separation of all five components in the blend is obtained by using a 60 min gradient, see Fig. 2c . This separation requires an analysis time of 45 min. However, there is lots of potential to decrease the separation time. In Figs. 2 (a) and (c) one can observe two peaks for PDMA. The early eluting peak is a so-called breakthrough peak that is a result of the unfavourable composition of the eluent. Such peaks appear when the eluent strength is too high and the sample cannot adsorb properly on the stationary phase [18] .
A significant reduction of analysis time can be achieved by simulating a step gradient. From the fast gradients (5 and 20 min) it is obvious that the most critical components to separate are PtBMA and PnBMA. From Tab. 1 one can see that the critical conditions for these polymers are very close to each other, i.e. 18.6 and 17.9 % MEK by volume, respectively. Theoretically, it should be possible to separate PtBMA and PnBMA when a very shallow gradient step from 10 -18 % MEK is used. This should be followed by steeper gradients, to 65 % MEK for PiPMA and 70 % MEK for PMMA. Fig. 3 shows the separation by using this simulated gradient. As can be seen clearly, with the simulated gradient a baseline separation of all components is achieved. However, there is still space to decrease the analysis time by keeping a sufficient resolution. The regions for improvement are at elution times of 2-6 min, 6-14 min and 18-23 min. By using steeper gradient steps it should be possible to reduce the total separation time. Fig. 4 shows the blend separation using the modified gradient.
A further increase of the gradient steepness results in an analysis time of less than 10 min with an excellent separation of the blend components. The optimized gradient includes the following steps: reduction of the first gradient step from 1 min to 0.5 min, the second step is reduced by 50 %, the step to 65 % MEK is reduced to 2 min and the last step is to move to 100 % MEK in 1 min. Fig. 5 shows the separation using the optimized gradient. In addition to the time savings, the intensity of the breakthrough peak in the present gradient is significantly reduced. This was accomplished by dissolving the sample in MEK-cHex-MeOH 50:17:33 % by volume. Hereby, PDMA is adsorbed more strongly to the stationary phase which reduces the breakthrough effect. As has been shown so far, it is possible to create and modify solvent gradients to achieve a fast and efficient separation of different polymethacrylates. Another approach to reduce the analysis time is to increase the flow rate. This results in a decrease of peak resolution, as has been shown before [9] . However, as has been shown previously, in favourable cases peak resolution can be compromised with analysis time still maintaining sufficient separation efficiency. To find out what the maximum allowable flow rate for the present separation is, experiments at different flow rates were conducted; see Fig. 6 . 
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An increase of the flow rate from 1 to 3 mL/min results in a time saving of a factor of 2.9. It is possible to analyse the blend sample in 3.5 min and still have a baseline separation of all components. By further increasing the flow rate to 5 mL/min it is possible to complete the analysis in 2.2 min and still have a very good resolution between PtBMA and PnBMA. This can also be seen from the resolution in Tab. 2, indicating that the resolution is still sufficient. However, there is a significant loss in resolution if the flow rate is increased further. At 6 mL/min (1.8 min analysis time) the greatest loss in resolution is observed between PtBMA and PnBMA, whereas at 7 mL/min PtBMA, PnBMA and PiPMA merge into one peak. PtBMA and PnBMA coelute with just the peak maxima indicating that two polymers are present. The maximum flow rate for baseline separation of the different polymethacrylates is, therefore, identified at 5 mL/min.
Conclusions
It is possible to predict critical conditions for various polymethacrylates with high precision and then use these values to simulate gradients for the baseline separation of the five components, PDMA, PnBMA, PtBMA, PiPMA and PMMA, in blends. To reduce the analysis time the gradient can be modified and optimized. Thereby, it is possible to achieve gradient separations in less than 10 min. When the flow rate is increased it is possible to reduce the total analysis time to 2 min. The gradient remains stable and a drastic loss in resolution is only observed at flow rates beyond 5 mL/min.
Experimental part

Chromatographic System
A Shimadzu 10 AD VP HPLC system comprising a pump, auto sampler and column oven was used. For detection, an evaporative light scattering detector, ELSD 1000 (Polymer Laboratories, Church Stretton, England) was used. For data collection and processing the software package "WinGPC-Software" (Polymer Standards Service GmbH, Mainz, Germany) was used.
